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Experimental and theoretical characterization of the prototypical Na,S-SiS; electrolyte glass:

Conductivity enhancement is driven by network depolymerization
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The structural, dynamic, and electrical properties of a prototypical amorphous electrolyte are examined
using a variety of theoretical and experimental techniques. We focus on the xNa,S-(100-x)SiS, system, which
represents a potential application for all-solid-state batteries. First-principles molecular dynamics simulations,
x-ray scattering, and conductivity experiments are performed on two select compositions of this binary:
Na,S-SiS, and 2Na,S-SiS,. The validation of the model structures, which reproduce with excellent accuracy
the measured structure functions permits examining in detail the atomic-scale picture and the effect of alkali
addition. Results indicate a complete depolymerization of the network, which is characterized using the Q"
formalism, and at high Na content consists essentially of isolated SiS}® tetrahedra typical of the short-range
order of the corresponding crystalline compound. As in other modified chalcogenides, the simulation results
reveal the presence of homopolar Si-Si and S-S defects, the latter being known to enhance ionic conductivity
while the former produces isolated (Si,S4)®© anions at high Na content. The measured temperature behavior of
diffusivity and conductivity suggests typical Arrhenius behavior measured by complex impedance spectroscopy
and not fully confirmed theoretically given the reduced ab initio statistics, while measured ionic conduction at
room temperature is found to be similar to that of the corresponding thiogermanates. We measured an ionic

conductivity of 2.9 x 1073 Q! cm~! at room temperature for the 2Na,S-SiS, glass.

DOLI: 10.1103/PhysRevB.111.214201

I. INTRODUCTION

The development of new generations of electrochemical
energy storage systems is definitely needed for carbon-free
renewable energy used in vehicular propulsion, nomadic ap-
plications, and load leveling for temporal renewable energy
harvesters, such as wind turbines and solar photovoltaic and
solar thermal systems. Despite the current success of lithium
batteries (Li ion), their dependence on flammable liquid
electrolytes and on an expensive element (Li), whose natu-
ral abundance is very low, require the development of new
battery systems and strategies [1-3]. Among different materi-
als, all-solid-state batteries (ASSB) using sodium represent a
promising alternative to lithium-based batteries because they
are cheaper and much safer. Their standard electrode potential
is comparable to that of lithium and Na is among the most
abundant elements on Earth. There are still a certain number
of drawbacks because ASSB is difficult to develop, and during
charge and discharge processes, solid electrode/electrolyte
interfaces rapidly degrade [4].
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Amorphous or glassy electrolytes [5], and especially sul-
fides [6] represent an interesting prospect because of the
possibility to alloy a nearly infinite number of components
into a base material, while also displaying softer mechan-
ical properties. This is a major advantage when compared
to crystalline electrolytes, the increased polarizability of
the sulfur atoms with respect to oxygen making them also
more attractive. Among such sulfide glasses, the 50Na,S-
50SiS, displays a rather limited level of conductivity [6] (2 x
107 @' ecm™"), certainly smaller than the Li counterpart [7]
(10~ @~ 'em™!), which has received by far more attention
in early studies on amorphous electrolytes using a limited
number of techniques [8—15]. Still, there is the perspective to
improve the conductivity level and the glass forming ability
of Na-based glasses with respect to the Li counterpart [16].
Different structural investigations (essentially spectroscopic)
have been conducted in this respect [10,11,16,17], and have
permitted characterization of the structure that bears similar-
ities with archetypal sodium silicates but contains features
that are specific to chalcogenides (S,Se). Scattering studies
(x-ray and neutron) are limited, and we are only aware of
a recent x-ray diffraction study of the 50Na,S-50SiS, (NS)
glass [17].

©2025 American Physical Society
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FIG. 1. Typical Q" species found in sodium thiosilicates, rang-
ing from Q* the base tetrahedra of SiS, to Q° found in crystalline
orthothiosilicates [19] (NasSiS4), and typical connections found in
modified sulfide glasses [12]: corner-sharing (CS) and edge-sharing
(ES) tetrahedra, which lead to three possible topologies: E°, E',
and E2. Si, S, and Na atoms are colored in black, red, and blue,
respectively.

As in silicates, the short-range order (SRO) in these mod-
ified glasses is characterized by the distribution of so-called
Q" units where n represents the number of bridging sulfur
(BS) atoms connecting two Si tetrahedra together. The char-
acterization essentially uses spectroscopic signatures such as
nuclear magnetic resonance (NMR) or Raman to identify spe-
cific frequencies or chemical shifts in glasses from crystalline
counterparts since the structure of the latter usually contains
only a single Q" species, e.g., 100% Q3 in Na,Si,Ss (33%
modifier [18]) or 100% Q° in NasSiS4 (66% modifier [19]).
This leads to well-defined spectroscopic signatures, which
serve to decode the spectra in glasses, and leads in most of
the cases to a distribution of Q" species (Fig. 1) [6,7,16].
The other common feature with silicates is the progressive
depolymerization of the base network upon modifier addition
via the creation of non-bridging sulfur (NBS) atoms having
Na ions in their vicinity. As a result, the number of BS
atoms decreases with increasing modifier content, and leads
to a global tendency Q* — Q° — Q> — Q! — Q°, and one
expects a near 100% Q° network for extremely depolymerized
glasses, which enhances ionic conduction.

In contrast to silicates, SiS, modified glasses display the
tendency to form edge-sharing structures (Fig. 1). For in-
stance, the structure of the sulfide counterpart of silica, SiS,,
is thought to be isomorphic [6] to the corresponding selenide
glass (SiSe;), which is made of infinite chains of edge-sharing
(ES) tetrahedra [20]. Early NMR studies on sodium and
lithium thiosilicates has shown that the spectra are essentially
dominated by three resonances associated with three possible
motifs or topologies [6-8,12,21]: A first one (E® containing
no ES at all, a second one (E') having only a single tetrahedral
edge shared, and a third one (E?) containing two ES connec-
tions for a central tetrahedra. As for the Q" population, the
statistics of such EX motifs evolves with modifier composition
[6,16] and with the increase of network depolymerization,
there is a general tendency of E> — E', and E! — E° con-
version.

Since this glass system is important for applications as
an electrolyte in ASSBs, and since it represents the sul-
fide counterpart of the archetypal sodium silicate, it is
important to characterize in depth its properties in order
to increase basic knowledge. Here, we provide a complete

theoretical and experimental investigation of this sodium
thiosilicate glass xNa,S-(100-x)SiS, by using x-ray scatter-
ing, electrical measurements, and first-principles molecular
dynamics (FPMD) simulations. The latter is found to repro-
duce the experimental scattering functions (pair correlation
functions, structure factor) for two select compositions with
excellent accuracy: 66Na,S-34SiS,, and 50Na,S-50SiS,.
This result validates the model structures and permits full
characterization of the effect of large sodium addition on
structural properties, which in turn can help to establish
structure-property relationships from dedicated calculated
dynamic properties (diffusion, conductivity). The measured
ionic conduction using complex impedance spectroscopy is
found to increase with Na,S content, and with temperature
following an Arrhenius behavior. Conversely, the theoretical
result is limited to the liquid state, and displays reduced statis-
tics inherent to FPMD (small system size, short timescales),
which does not fully permit concluding on a possible Arrhe-
nius behavior. However, the nature of the Na motion can still
be categorized numerically, which permits identification of
immobile ions, ions with back-and-forth jumps, and ions ex-
periencing filamentary-like motions across the (Si,S) network.

II. METHODS

A. Glass preparation

The 50Na;S-50SiS2(NS), 60Na,S-40SiS»(N5S3), and
66Na,S-34SiS,(N2S) glasses were synthesized using the
ball-milling technique. Stoichiometric amounts of Na,S
(Sigma-Aldrich) and SiS, (MSE Supplies) were first inti-
mately mixed using a mortar and pestle. The resulting mixture
was then transferred to a 20 ml tungsten carbide (WC) ball-
milling jar along with 80 WC balls, each 5 mm in diameter.
The total batch weight was 2.5 g, with a ball-to-powder weight
ratio of 30:1. The jars were loaded into a planetary ball mill
(Pulverisette 7 Premium Line, Fritsch) under an argon atmo-
sphere, maintained inside a glove box to prevent oxidation.
The synthesis process for NS and N5S3 (N2S) involved three
(seven) rotation cycles, each lasting three hours, resulting in a
total milling time of 9 h (21 h) at a rotational speed of 510 rpm.

B. X-ray diffraction

The atomic pair distribution functions gy (r) of the sam-
ples were obtained by x-ray total scattering. Measurements
were performed at room temperature with a dedicated labo-
ratory setup based on a Bruker D8 Advance diffractometer
equipped with a silver sealed tube (A = 0.709318 A) and a
Rapid LynxEye XE-T detector. This setup was optimized
to maximize collected intensities, minimize spurious signals
from the empty environment and to obtain good counting
statistics up to a large scattering vector of 17.2 A='. For both
samples, a small amount of powder (around ten milligrams)
was placed in a thin-walled (0.01 mm) borosilicate glass
capillary of sufficiently small diameter (about 0.5 mm) to
limit absorption effects. The uR values (R being the radius
of the capillary and u the linear attenuation coefficient of the
sample) were estimated, using precise measurements of the
mass and dimensions of the samples, to be 0.18 and 0.12 for
50Na;S-508SiS;(NS) and 66Na,S-34SiS,(N2S), respectively.
Once sealed, the capillary was mounted on a goniometric head
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and adjusted so that its axis coincides with the goniometer
axis of the diffractometer. The data acquisition consisted of
several scans in the 0-152, 50-152, and 100-152° 26 with
a step size of 0.01°. The scans were subsequently merged,
leading to a total equivalent acquisition time of about 50
hours per sample. Raw data were corrected, normalized, and
Fourier transformed using homemade software [22] to obtain
the reduced atomic pair distribution functions gx (). The cor-
rections included capillary, empty environment, Compton and
multiple scatterings, absorption, and polarization effects. The
X-ray mass attenuation coefficients, atomic scattering factors,
and Compton scattering functions needed for data correc-
tion and normalization were calculated from tabulated data
provided by the DABAX database [22,23]. The absorption
correction was evaluated using a numerical midpoint integra-
tion method where the cross section of the sample is divided
into a set of small subdomains following a method similar to
that proposed by Soper and Egelstaf [24]. The normalization
constant was determined using the high-angle method so that
the coherently scattered intensity oscillates weakly around the
sample’s average atomic scattering factor at high values of the
scattering vector length (from kyax /2 t0 kmax)-

C. Conductivity

The ionic conductivity of xNa,;S-(100-x)SiS, glasses, with
compositions of x =50 (NS), x =60 (N5S3), and x =
66 (N2S), was investigated using complex-impedance spec-
troscopy (CIS). Chalcogenide glass pellets, each 10 mm in
diameter and weighing 120 mg, were prepared by compress-
ing the powder under a force of five tons. The pressure
was increased to 5 T over 10 min, followed by a 5-min.
hold. Platinum electrodes were sputtered onto the parallel
faces of the pellets to ensure electrical contact. The electrical
properties of the glasses were measured using a Solartron SI-
1260 impedance analyzer over a frequency range of 10 MHz
to 10 Hz, with an applied root-mean-square AC voltage of
500 mV. These measurements were conducted under primary
vacuum conditions at temperatures below the glass transition
temperature, between 278 K and 343 K. Ionic conductivities
were analyzed through Nyquist plots, where the resistance
(R) of the samples was determined from the low-frequency
intercept of the impedance response with the real axis. Fi-
nally, the DC conductivity was calculated using the relation
opc = e¢/RA, where e is the thickness of the sample and A is
the area of the electrode surface.

D. Molecular dynamics

FPMD simulations (Car-Parrinello scheme [25]) have been
performed on the two compositions NS and N2S within a
canonical (NVT) ensemble using the density functional the-
ory (DFT-D2) scheme, which incorporates a dispersion (van
der Waals) correction [26]. The simulation box contained
N =300 atoms with the number of Si, S, and Na atoms
fulfilling the desired stoichiometry, i.e., Ns = Nn, = 132 and
Nsi =36 for N2S, and Ns = 150, Ny, = 100, and Ns; = 50
for NS. A periodically repeated cubic cell was used, with
edges L satisfying the experimental number density of the
corresponding glasses [16], i.e., L = 19.098 A and 19.113 A
for NS, and N28, respectively. We used DFT in combination
with plane-wave basis sets, the electronic scheme being based

on a BLYP functional [27,28] within GGA for the exchange-
correlation energy. The choice of this functional is motivated
by the fact that previous investigations of base networks have
led to a very accurate structural description of the amor-
phous state [29-32] including sulfide glasses [33,34]. The
electronic structure of the liquids and glasses was described
within DFT and evolved self-consistently during the motion,
with valence electrons being treated explicitly in conjunction
with norm-conserving pseudopotentials to account for core-
valence interactions. The wave functions were expanded at the
I" point of the supercell and the energy cutoff was set at 80 Ry.

The starting configuration of the N2S glass was taken from
a previous 66Na,S-34GeS, system [35] and appropriately
rescaled in order to meet the desired number density. The
other configuration (NS) was obtained from a random sub-
stitution of atoms of the N2S. Loss of memory of the initial
configurations has been achieved through preliminary runs at
2000 K over 20 ps with a time step of At = 0.12 fs and a
fictitious mass of 2000 a.u., before different equilibrations at
1500 K, 1200 K, 900 K, and 600 K, each accumulated over
20-30 ps, and finally 300 K for 30 ps. The cooling procedure
was performed sequentially, e.g., the equilibration at 900 K
started from the last configuration (positions/velocities) ob-
tained at 1200 K, and so on. The presented results at 300 K
are obtained from a statistical average over ~20 ps once the
first 5 ps have been discarded.

III. STRUCTURAL PROPERTIES
A. Scattering functions in reciprocal space

Figure 2(a) represents the calculated and measured x-ray
structure factors, denoted Sx (k) hereafter. Here, we have used
for the calculated function weighted sums of partial correla-
tions S, (k) in Fourier space,

Sx(®) = (/)Y cutmfofmSun(k) (1)
with
() =Y cfa=0=0fsi+2fa+Q2-0)fs, (2

where ¢, represents the species concentration. For the coeffi-
cients f,, we have used atomic form factors taken as f, = Z,
(fsi = 14, fs = 16, fna = 11). Note that a k dependence of
the form factors did not lead to significant differences. For
NS, this leads to

Sx (k) = 0.028 Ssisi + 0.190 Ssis + 0.087 Sgina + 0.327 Sss
=+ 0.299 Snas + 0.069 Snana, 3)
and for N2S, one has
Sx (k) = 0.014 Ssisi + 0.123 Ssis + 0.083 Ssina + 0.277 Sss
=+ 0.375 Snas + 0.127 Snana- (€))

The partial correlations appearing in Eq. (1) have been
evaluated from a Fourier transform of the partial pair
correlation functions g,,,(r),

sin(kr)

Sum(k) = 1+ 00 f 4P [gun(r) — 1122 4 (s)
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FIG. 2. Calculated (red) and measured (black) x-ray-weighted
total structure factor Sy (k) (a) and pair-correlation functions gy (r)
(b) for NS and N2S glasses. In addition, XRD data from Dive et al.
[17] (NS composition, green) have been added. For clarity, vertical
shifts of +1 and +2 are added in (a) and (b) for the N2S glass,
respectively.

where py is the system number density po = 0.0431 A=3 and
po = 0.0429 A3 for NS and N2S, respectively. These are
linked with the cell sizes provided above.

1. Theory versus experiment

The comparison between the calculated and measured
Sx (k) (red and black curves, respectively) is shown in
Fig. 2(a), and suggests an excellent agreement between sim-
ulations and experiment; the level of agreement being of the
same order as previously obtained for germanium based sul-
fides [35]. We note that all principal peaks (PP) are reproduced

A L L L L L
b)

= Na-S
o S-S .
1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
3 4 5 6 7 8
k(AT

FIG. 3. Decomposition of weighted partials (f)x;x; f; f;S;;(k) in
N2S (a) and NS (b) glasses. The black-thick line is the calculated
total x-ray structure factor [same as Fig. 2(a)]. Only the relevant
partials are marked.

in position, amplitude including in the low k region corre-
sponding to the first sharp diffraction peak (FSDP) observed
at 1.15 A" and 1.04 A= for N2S and NS, respectively.
The simulation here underestimates slightly the position with
the corresponding experimental values found at 1.29 and
1.26 A~!. In both simulations and experiments, the diffraction
pattern is dominated by three peaks found at k; = kgspp =~
1.05 A~!, ky ~2.3-2.5 A" and in the region k3 ~ 4.0 A",
We remark that the increase of Na content (i.e., from NS
to N2S) induces an increase of k, (from 2.26 to 2.46 A‘l)
and also a reduction of the peak at 4.0 A~! at the expense
of another peak at 4.5 A~!. An inspection of the details of
the partial structure factors indicates that emerging Na-S and
Na-Na correlations are responsible for this trend (Fig. 3).

We furthermore note that the peaks beyond the PP region
are also correctly reproduced. A Gaussian decomposition of
S(k) has shown that such peaks (k ~ 6-7 A") result from
well-defined second-neighbor correlations [36].

Using the simulation results, a decomposition of the total
structure factors into relevant partials S;;(k) suggests indeed
that the N2S glass has two dominant contributions to the PP
at kp: Na—S and S-S [Fig. 3(a)]. Concerning the latter, we
note that the reduction of the amplitude of the corresponding
partial Sss(k) in the region of k3 ~ 4.0 A~! is responsible
for the change in profile of the double peak located at 3.8
and 4.4 A’l, which evolves from a distribution dominated
by the low k peak [NS, Fig. 3(b)] to a more balanced dis-
tribution at elevated modifier content [Fig. 3(b)]. Finally, the
other important partials contributing to the total S(k) are the
Si-S partial and the Na-Na partial, which has an increased
contribution at low k (kg ~ 2.0-2.5 A=) for the N2S glass,
indicative of the emergence of a corresponding length scale
of about 7.7/ky >~ 3.1-3.8 A. All other partials (Si—Si, Si—Na,
brown and gray curves, respectively) have a contribution [see
Egs. (3) and (4)] that is less than 10%.

2. Theory versus theory

A previous DFT-based molecular dynamics simulation has
been performed [17] on the NS glass, together with an ex-
perimental x-ray scattering measurement. While the latter is
fully compatible with our present XRD results [green curve
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FIG. 4. Comparison between the present DFT-BLYP scheme
(red) and a previous DFT-PBE calculation from Dive et al. [17]
(magenta) on the NS glass. The black curve corresponds to the
present experimental XRD measurement, and has been duplicated.

in Fig. 2(a)], we note that the former differs substantially
from our results (Fig. 4), and is unable to reproduce a certain
number of features of the structure factor: absence of the
FSDP, fair reproduction of the PP at k;, poor reproduction of
the PP at k3. In this respect, the present simulations provide
a clear step forward in the successful modeling of NS atomic
structures.

The calculation of a goodness-of-fit (Wright) parameter
[37], which builds on a least-squares comparison between
simulation and experimental data, provides some quantitative
information on the level of agreement,

Z[Sexp (kl) - Scalc (kt)]z

Ry = . 6
x SR ©)

172

When we compare Scac and Seyp in the range 0.6 Al <
k < 12.0 A~! for both simulations, we find Ry = 0.0016(2)
for our present simulation and a substantially higher value
for the DFT simulation of Dive et al. [17], which was Ry =
0.0272(5). In addition, the spurious effects observed at in-
termediate and large k result in an incorrect second- and
third-shell correlation of neighbors expected at 2.89 A and
3.50 A.

While the system size might affect the overall results and
especially the low-k region (300 atoms vs 144 atoms [17])
as reported in certain methodological studies [38,39], we first
note that both systems have been simulated at the same den-
sity (2.0gcm™3) and with a nearly similar thermal history
(10Kps~! vs 10> K ps~!), except for the randomization of
the initial configuration that we have performed over much
longer simulation times (20 ps vs 0.1 ps). Actually, the major
difference between the two simulations relies on the choice
of the exchange correlation functional (BLYP in the present
case versus Perdew-Burke-Ernzerhof (PBE) [17]). Previous
investigations on chalcogenide glasses and especially network
formers (GeS,, GeSe,) have suggested that the full account

of the structural features depends on subtle effects involved
in the electronic modeling of the chemical bonding, from
covalent to ionic [40]. For instance, it has been shown that
PBE leads to a slight overestimation of the metallic character
of the bonding [29] that induces a certain number of flaws
in structural properties for both the liquid and the amorphous
phase [30]: increase of coordination defects and reduction of
tetrahedral character, reduction of the FSDP that can even
vanish in certain select DFT models [34,41]. Such flaws are
reduced once a BLYP functional is used. We finally remark
that the other major difference between both models is the use
of a van der Waals correction, which is absent in the study
of Ref. [17]. It might be interesting to probe different DFT
models in a systematic way as those carefully performed, e.g.,
tellurides [42,43], but this is not the purpose of the present
study.

B. Real-space properties

The total pair-correlation functions gx(r) accessed from
XRD are displayed in Fig. 2, together with the corresponding
simulation results (red curves). An excellent agreement is
obtained for both compositions and leads to reproduction in
terms of position, intensity, and width of the PPs in NS and
N2S. Specifically, we find the PP at 2.11 A and secondary
peaks at 2.90 A and 3.5 A, all being weakly sensitive to com-
position albeit an obvious increase of the first secondary peak
is acknowledged with increasing Na,S content. The origin of
these different contributions can be decoded from the partial
correlation analysis as discussed next.

1. Presence of Si—Si homopolar bonds

Figure 5 represents the different pair-correlation functions
gij(r) of the NS and N2S glasses. We first concentrate on
the Si—Si partial gg;si(7), which displays a three-peak struc-
ture that is typical of chalcogenides [44,45]. The first peak
at 2.37 A is usually associated with homopolar bonds, and
an inspection of the atomic snapshots permits us, indeed, to
relate this distance with the Si—Si bond length. A second peak
at r ~ 3.0A is only present for the NS composition and is
related with the presence of ES motifs [45], as also found in
different sulfide and selenide glasses [33,34,44,46]. As such
motifs tend to disappear upon network depolymerization [6]
and reduction of the number of BS atoms, it is not particularly
surprising that this ES signature is absent in a glass with a
large amount of modifier (N2S). Finally, a third peak is clearly
observed at r =~ 3.62 A for the NS composition, and shifts to
3.82 A for N2S, in agreement with an overall increase of the
Si—S-Si bond angle (see below). This peak obviously narrows
with modifier content, and has a mixed origin. At moderate
depolymerization, the distance that is very well analyzed in
the literature [33,44,45] is associated with the presence of CS
connections between tetrahedra via a BS atom, whereas at ele-
vated modifier content (i.e., N2S), it is essentially linked with
a correlation distance between separated Si atoms belonging
to O° units.

The existence of a homopolar Si—Si bond might be re-
garded as surprising given its complete absence in the sodium
silicate analog. However, in contrast to the latter a crystalline
sulfide phase (NagSiyS¢) has been identified [47,48], and is
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FIG. 5. Partial pair-correlation functions g;;(r) of NS (black) and N2S (red). Corresponding partials of N2G (66Na;,S-34GeS,) are provided

(green [35]).

found to display a Si—Si homopolar bond rather than the usual
Si—S—Si one involving a BS atom. In the glass, the presence of
this short range motif (an ethane-like structure having 6 NBS
atoms) that is obtained from the simulation and manifests as
the peak at 2.37 A in gsisi(r) might be driven by the simi-
lar short-range order of the corresponding crystalline phase
formed in the range of composition that we have targeted
numerically (50 < x < 66%). This motif is actually confirmed
from a spectroscopic (NMR) signature [16] and has a specific
signature in the same range 50% < x < 66% for correspond-
ing glasses. The presence of such homopolar bonds is not
restricted to the present sodium thiosilicate since previous
investigations have suggested the presence of Ge-Ge bonds
in Na;S-GeS,; glasses [35] and there is also clear evidence of
P-P bonds in amorphous thiophosphates [49-51].

The presence of such ethane-like units involves a higher
proportion of S-S bonds that can be translated through a
partial disproportionation reaction of the network species,
SiS, — SiS + S, leading to the formation of additional sulfur.
For the composition at which the effects of the network former
are still present (NS), the presence of such homopolar S-S
bonds is acknowledged in Fig. 5(c), and corresponds to the
prepeak obtained at 2.20 A that is a value typical of network
chalcogenides (2.11 A) such as in GeS, [33] or GeS, [32]. The
presence of such homopolar sulfur or “isolated sulfur” [52]
is thought to achieve extended and interconnected pathways
promoting conduction. Finally, regarding the S-S partial, we
find that the PPois associated with the edge of the SiS4/,
tetrahedra (3.55 A), whereas the secondary peak only visible

for N2S is linked with correlations between sulfur of different
tetrahedra that have been isolated by the disruption of BS
atoms.

Taken together, the evolution of the pair correlation func-
tions [and especially gs;si(7)] suggests a profound alteration
of the network structure with modifier content.

2. Other partials

The other calculated partials turn out to be weakly sen-
sitive to composition. This is particularly obvious for Si-S
[Fig. 5(b)] and Na-S correlations [Fig. 5(e)], displaying al-
most no changes, which indicates that the elementary SRO
and the apex defining the SiS4/; tetrahedra remain unchanged,
whereas the typical bonding correlations between sodium and
NBS atoms are not affected by the addition of additional
Na;S. These conclusions hold to a lesser extent for the partials
Si-Na, and Na-Na, the latter displaying for the N2S compo-
sition, furthermore a similar profile as the isochemical N2G
(66Na;S-34GeS,) glass [35]. We find corresponding bond
lengths rsi_s = 2.15 A (Table I) and rny_s = 2.85-2.86 A,
the former being consistent with the present experimental
findings since the PP of the total pair-correlation function
gx (r) [Fig. 2(b)] corresponds to the Si—S distance found at
2.15(2) A for both compositions.

3. Coordination numbers

We focus on the SRO characteristics and especially on
partial- and species-related coordination numbers, n;; and n;,
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TABLE 1. Typical bond distances r;; (in A) and coordination
numbers n;; of network species calculated from the relevant partials
in NS and N28S glasses. A second line is written for partials display-
ing several peaks at distances corresponding to the first coordination
shell.

Si-Si Si-S S-S Na-S

r,'j I’l,‘j rl-j nij r,-j I’ll‘j r,'j I’l,'j

NS 237 039 215 359 220 010 286 6.66
3.00 3.55

N2S 237 0.16 215 3.74 2.85 5.88
3.55

which are extracted from the relevant partials according to

ij

nij = 47 py / rgij(r)dr ™
0
and
n; = n; + Z nij, (8)
J#i

where g;;(r) are the partial pair-correlation functions given in
Fig. 5, and py are the densities of the NS and N2S glasses. One
furthermore has the property Nin;; = N;nj;, where N, repre-
sent the number of atoms of type j in the system. The values
ril. have been all taken at the minimum of the corresponding
gij(r) function, e.g., rl;{in =4.02 A for Na-S. Corresponding
data (n;;) can be found in Table I for the network species
(81,S). These indicate that the Si coordination number is equal
to ngi = 3.98 and 3.90 for NS and N2S, respectively, and
result from contributions arising from Si-S and the ethane-
like structure having a Si—Si bond, whose concentration is
provided below.

Concerning the sulfur coordination, it results mostly from
S-Si and S-Na correlations (and a minor contribution from
homopolar S-S bonds in NS). We found for both compo-
sitions a coordination number that is fully compatible with
the octet rule, i.e., ng = 2.04 and 2.16 for NS and N2S glass
(Table II), respectively. Finally, the sodium coordination num-
ber is found to be larger than 5 as in a number of Na-based
modified glasses such as silicates [53,54] or (thio)germanates
[35,55]; the difficulty [56] being to estimate correctly n;; from
Eq. (7) for species that do not display a global minimum in
the corresponding pair correlation function, i.e., g;;(r;%.) # 0.
Figure 6(a) represents the Na-related pair correlation function

TABLE II. Calculated coordination numbers n; (i = Si, S, Na)
in NS and N2S glasses. A cut-off rp;, = 2.8 A {(minimum of g,;(r)]
has been used for the network species, whereas 7y, = 3.32 A and
3.23 A for Na in NS and N28, respectively (see text for details).

System nsi ng NINa
NS 3.98 2.04 5.68
N2S 3.90 2.16 5.05
N2G [35] 3.84 1.90 5.82

defined by

gna(r) =) cigina(r), )

which displays for both compositions only a local minimum
at N2 used for the calculation of ny, (e.g., 3.23 A for
N2S). As a result, the running coordination number ny,(r)
does not display a plateau value ny, = Cst as for network
species [Fig. 6(b)]. Using the corresponding minima N2 [see
numbers in Fig. 6(a)], we find ny, = 5.68 and 5.05 for NS
and N2S, respectively. This is somewhat expected since Na
is sixfold coordinated in the corresponding crystalline com-
pounds [18,57]. In order to provide additional information
on the sodium environment, we have considered the distri-
bution of Na neighbors with increasing distances. This leads
to neighbor-distribution functions NDF;(r) for an arbitrary
number N of neighbors (1 < j < N), as exemplified in dif-
ferent liquids and glasses [36,58,59]. For each atom, these
NDFs are constructed by sorting the neighbors according to
the bond length. Figure 6(c) now represents these NDFs for
up to N = 10 neighbors. We first remark that the composition
weakly impacts the neighbors of Na, as both calculations for
NS and N2S lead to the same pattern of NDFs, and this is es-
pecially true in the first coordination shell when r < N2 . The
second outcome is the presence of a smooth increase of the
average sodium neighboring distance [inset of Fig. 6(c)], and
differences between NS and N2S are barely visible, except at
large j (second or third coordination shell). This suggests that
although the network is continuously depolymerized between
NS and N28S, the topology of the underlying Na subnetwork is
not dramatically modified. In corresponding oxides, molecu-
lar simulations suggest [53,60] that this Na subnetwork has an
inhomogeneous structure with the presence of Na clustering
or preferential pathways for ion motion [61,62] (channels).
Descriptors usually focus on the intensity of the Na-Na pair
correlation function [60] or on the prepeak in quasi-elastic
neutron scattering patterns [63,64], as also examined from
the partial Na-Na structure factor Snana (k). Both Figs. 3 and
5(f) indicate a weak dependence of such descriptors with
composition, gnana and Snana, albeit the intensity of the prin-
cipal peak of the former is found to increase with modifier
composition that is sometimes interpreted [60] as clustering.
A visual inspection of the atomic simulation boxes suggests
that on longer ranges (i.e., beyond the neighbor rank 8-9,
Fig. 6), the spatial distribution of Na atoms undergoes obvious
changes, as discussed below.

4. Q" speciation

An additional structural analysis builds on the Q" termi-
nology (Fig. 1) that we determine from the obtained model
structures by enumerating for each configuration the number
of Si displaying the sequence Si—S—Na within a fixed cut-of
at4.2 A [minimum of the partial gsi na(7)]. The calculated Q"
distribution of the simulated NS and N2S glasses is provided
in Table III, and compared to the experimental determination
from NMR [16]. Here, we first note that for both compo-
sitions, as in experiments [16], there are ethane-like (Eth)
structures containing a homopolar bond that contribute to
NagSipSe species. In xNa,S-(100-x)SiS, glasses, NMR finds
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the (local) minimum. (b) Corresponding running coordination number ny, (r). (c) Neighbor distributions NDF (7). The gray zone corresponds
to the approximate region of second shell neighbors at r > r)2 . The inset shows the maximum of each distribution NDF,(r) with neighbor

number k.

such molecules in the range 55% < x < 60% with a fraction
of about 10%. Noteworthy is the fact that such chemical de-
fects are highly sensitive to thermal history effects [65,66] so
that we can only stress that their presence in the DFT models
is qualitatively compatible with the tendency to have such
molecules in depolymerized thiosilicates.

The other species cover as in classical MD studies a broad
Q" distribution that shifts to higher n with increasing mod-
ifier content. For the NS glass, we predominantly find Q°
species that are expected to maximize on the basis of a simple

TABLE III. Calculated fraction (in %) of Q" distribution and
ethane-like unit (Eth) in NS and N2S glasses, and compared to the
NMR determination from Watson ef al. [16] and to basic (chemical
ordered) models. LS corresponds to the lithium isochemical com-
pound [67] (50 Li,S-50 SiS,).

stoichiometric (chemical) argument, and here they represent
47.6% of Si atoms, slightly lower than the measured NMR
population [16]. One thus expects to still have the possibility
of ES connections, as at least two BS atoms are needed to
form such ring structures. These are indeed detected from
atomic snapshots (Fig. 7, right) and lead to a dedicated peak in
the Si-Si partial [Fig. 5(a)] as previously discussed. The other
dominant population in NS glasses is represented by Q! units
(10.3% to be compared with the experimental 22.0%), which
grow dramatically for higher modifier concentrations (N2S)
and then represents 40.2% of all Si atoms. At this composition
of x = 66%, the network is almost entirely depolymerized
(Fig. 7, left) and the structure is made of Q'-Q' dimers
(NagSi»S7), ethane-like molecules (NagSi»Se) and isolated Q°

Eth Q4 Q3 QZ Ql QO
NS 34.0 40 476 103 41
NMR [16] 64.0 220
Chemical ordered model 100.0 ©
LS [67] 5.8 20.7 354 306 75 ®
Topological model [68] 8.6 192 352 36.8
N2S 15.6 28 402 412
NMR [16] 240 76.0
Chemical ordered model 100.0 FIG. 7. (Left) Snapshot of a N2S structural fragment highlight-

ing the network depolymerization. (Right) ES tetrahedra in NS.
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FIG. 8. Calculated mean-square displacement (r,f(t)) for k =
Na (brown), and k = S (red) (Si behaves almost like S) with time
for different isotherms in liquid NS: 1500 K (thick solid), 1200 K
(broken), 900 K (dashed-dotted), 600 K (dotted), 300 K (thin solid).

species (Na4SiSy), the latter having a probability of 41.2%,
i.e., lower than the value (76.0%) measured from NMR [16].

It is important to emphasize that in contrast to oxide
glasses [69], the Q" population is difficult to establish from
NMR owing to the small number of reference crystalline
phases (Na;Si,Ss [18], Na,Sis [6], and Na,Si»Ss [19]). This
is a major difference with, e.g., sodium silicates for which
numerous phases serve for the NMR chemical shift identifi-
cation. Secondly, the small *Si chemical shift anisotropies
in thiosilicates lead to obvious uncertainties, which do not
permit always distinguishing between various Q" species [6]
and their evolution with composition. Finally, we note that
the alkali type and thermal history [70] both affect the Q"
distribution as highlighted by a previous estimate for lithium
thiosilicates (LS [67]) obtained from a classical force-field,
and which displays a broad distribution covering all n values,
whereas NMR results suggest a binary model predominantly
made of Q* (the base short-range order of SiS,) and Q2
species [12].

IV. DYNAMICS

Since these sodium thiosilicate systems are thought to be
used in fast ion solid state batteries, it is instructive to infer
some transport properties in relationship with structure.

Diffusivity

We first focus theoretically on the dynamics of the NS
and N2S melts by focusing on the mean-square displacement
(msd) of the atoms, defined from the positions r;(¢) at time ¢

Ni

1
(’”%(U) = <17k2|1‘j(l)—rj(0)|2>» (10)

J=1

where the sum is taken over all atoms of type k (k = Si, S,
Na).

1IIII|IIIIIIIIIIIIIIIIII|IIII
10 mOSi
HO S
. HO Na
"_U)
N
5
L{?o . Ag,S - GeS,
D =

10° 25Na,S - 75Ga,S, 56Na,S - 44SiS,
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FIG. 9. Calculated diffusivity D, with k = Si (blue), S (red),
and Na (black) in molten NS (filled squares) and N2S (open cir-
cles). These data are compared to calculated diffusivities [71] from
a classical force field [small green symbols for Na, otherwise red
(S) and blue (Si)], and to experimentally measured Na diffusivities
[72] in 56Na,S-44SiS, (open squares). Data on other chalcogenides
[73,74] are also represented for comparison (gray open symbols).
The orange-broken line serves as a guide to highlight the compatibil-
ity of the DFT data with experiment.

Figure 8 represents (rf(t)) for the NS composition and
for two select species (Na, S) at the different considered
isotherms. An inspection of the time dependence signals that
the diffusive regime is obtained at high temperature (1500 K,
1200 K, and 900 K) within the simulation time, whereas
a dynamic slowing down is acknowledged for the lower
temperatures (600 K and 300 K), and prevents estimating
corresponding diffusivities.

The self-diffusion constant D in the long-time limit is
defined from the Einstein equation

1 IAG
Dk = — lim <rk( ))
6t—o0 dt

an

Diffusivity results are displayed in Fig. 9 in an Arrhenius
representation for both NS (filled squares) and N2S (open
circles) liquids. Here, the semi-log representation as a func-
tion of inverse temperature usually reveals the dynamics of
activated (Arrhenius) type. Corresponding numbers are pro-
vided in Table IV. Note that we have limited the study to
high-temperature melts since we need a clear diffusive regime
at long time to safely establish the diffusivity from Eq. (11).
For the standard DFT simulation time achieved at fixed T
(>~20ps), this limits the investigation to the range 900 K <
T < 1500 K. Given the limited number of data points, it
is not clear if the diffusivities follow an Arrhenius behavior
D o< exp[—E4/kgT]. While this might be the case for the Na
ions (with an estimated activation energy E4 = 0.35 eV for
both NS and N2S), the trend for the network species appears
to be not conclusive. The value E,4 is somewhat higher than the
one previously determined from classical molecular dynamics
simulations (0.25 eV from Dn,(7") [71]) but the latter have
been found to poorly reproduce the structural properties, and
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TABLE 1V. Calculated diffusivities D; (i =Si, S, Na) in

10~° cm?s~! in molten NS and N2S systems. See also Fig. 9.
Ds; Ds Dna
NS
1500 K 0.90 + 0.02 1.33 £0.02 3.80 = 0.06
1200 K 0.47 +£0.02 0.82 +£0.02 2.88 £0.03
900 K 0.14 £ 0.02 0.27 £ 0.05 0.85 +0.07
N2S
1500 K 0.54 +0.03 0.96 +0.03 5.33 £ 0.06
1200 K 0.17 £0.02 0.40 £ 0.03 2.57 +£0.05
900 K 0.19 +0.02 0.31 +£0.02 0.954+0.02

have led to diffusivities slightly larger (small green symbols,
Fig. 9) than the present ab initio results.

The present calculated Na diffusivities are compatible with
data determined at low temperature by Thomas et al. from
22Na tracer diffusion experiment [72] on a slightly different
composition (56Na,;S-44SiS,) with a Na activation energy
E4 = 0.44 eV. The compatibility of the data does not neces-
sarily mean that our liquid data could extrapolate down to the
glassy state given that the Na dynamics is supposed to be dra-
matically modified across the glass transition region, but the
data compatibility simply signals that the electronic model is
accurate enough to provide realistic diffusivities. In addition,
we point out that the obtained values are also of the same order
as those measured in similar modified sulfide glasses [73,74].
We, furthermore, note a meaningful difference between ion
and network dynamics, which emerges as the temperature
is lowered, and Ds; and Dgs are found to be systematically
lower than Dy, by a factor of about 6-8 in the temperature
range of interest. This diffusivity difference is supposed to
increase [75] as the temperature continues to decrease. In the
glassy state, the resulting Na diffusivity is, therefore, strongly
decoupled from the Si and S diffusivities, and this corresponds
to the usual picture of an amorphous electrolyte displaying a
significant Na mobility in a frozen (Si,S) disordered matrix.

The second melt (N2S) is found to display diffusivities that
are not substantially different from those determined for NS as
we find, e.g., for 900 K Dy, = 0.85 :I: 0. 17 x 1079 ecm?s~ ! to
be compared with 0.95 & 0.02 x 1073 cm? s~! for N2S at the
same temperature (Table IV). This is probably linked with the
fact that the underlying structure of the Na subnetwork is not
radically different as revealed from the neighbor distribution
functions [Fig. 6(c)], although the spatial distribution for the
Na motion is slightly different at long range (Fig. 6), as dis-
cussed below.

V. CONDUCTIVITY
A. From the MD simulations

The conductivity (o) as a function of temperature T can be
obtained from the Green-Kubo equation [76],

o(T) = ZZZZ, [ri(r) = r;(O)][r;(z) —r;(0)]),

Hoo 6th T
(12)

where V is the volume of the simulation box, e is the elemen-
tary charge, z; and z; are the nominal charges of ions i and j,
respectively (44, -2, and +1 for Si, S, and Na, respectively).
Here, r;(¢) is the position of atom i, and the brackets () denote
ensemble averages.

An alternative means is provided by linear response theory
using the current autocorrelation (AF) function,

2

ol )_VkBT/ ;Zizﬂvi(o)'v]’(t))dt, (13)

which can be split into self- and cross-parts, yielding

¢ /OOZZ (0) - v;(t))dt
VisT Jo i Z; (vi(0) - v;(1))
2

+ VIiBT/O Z 7izj{(v;(0) - v;(2))dr. (14)

i J ]

o(T) =

Here, the first term is the self-part and can be directly
related [76] to the self-diffusion coefficients Dy, whereas the
second term corresponds to the cross-correlations between
different atoms. The cross (or distinct) term involves a double
summation with N(N — 1) operations. Practically, the cross
terms require significantly more statistical averaging than the
autocorrelation terms [77]. As a result, given the reduced sys-
tem size and the limited time interval of the DFT simulations
(15-20 ps), we found that the correlation converges rather
poorly so that a definite conclusion regarding the different
contributions is out of reach, except the general conclusion
that for all investigated compositions and liquid temperatures,
the cross-AF are very small when compared to the self-AF.
In addition, the small system size and the short timescale of
DFT simulations do not permit linking the detail of atomic
trajectories, and possible correlated directions of successive
jumps with deviation of the NE relation, embedded in the
Haven ratio defined by

fo i iz 2i%j(V;(0) - vi(z))dr
I3, 2 (vi(0) - vi(e))d

In the present case, we could hardly estimate a meaningful Hg.
We note, indeed, that for example, the 900 K isotherm the cur-
rent cross-correlation is substantially smaller, and fluctuating
around a slope near 0. This suggests a very low contribution to
overall o, at least in the liquid state. For this reason, and owing
to the poor statistics obtained for the cross-correlations, in the
present paper we only consider the autocorrelations. Corre-
sponding data for o (T') [Eq. (12)] are represented in Fig. 10(a)
in the liquid state where the simulated liquids can be safely
equilibrated. At lower temperatures (glassy state), which are
not accessible for dynamic studies from DFT, one usually
observes Hg < 1 indicative of negative correlations with ions
hindering each other’s motion. For the 56Na,;S-44SiS, glass,
it was found experimentally [72] Hg = 0.28.

As for the diffusivity, we find that the calculated conduc-
tivities in the melt are in line with those determined in the
glassy state at low temperature (103/T > 3.0) for NS, N5S3,
and N2§, since the trends of the low- (experimental) and high-
temperature (theoretical) data can eventually connect together
close to T,. Here, one should, however, keep in mind that

Hg = 15)
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FIG. 10. (a) Calculated conductivities in NS (black-filled
squares) and N2S (red-filled squares) melts, compared to classical
MD simulations [71] (brown circles), and to experimental measure-
ments in the glassy state (colored circles, present study) and to
previously published data of the literature on NS: blue-solid line
(Ribes et al. [78]), blue-broken line (Dive et al. [17]), together with a
measurement on 56 Na,S-44 SiS, (blue-dotted line, Thomas et al.
[72]). Note that because of the use [71] of effective charges and
Zna = 0.6e, conductivities from classical MD are smaller, although
diffusivities (Fig. 9) are higher than the present DFT simulations.
(b) Measured room-temperature conductivities as a function of Na,S
content (red), compared to other measurements [17,72,78] and to a
parent system [35] (Na,S-GeS,, open-black circles).

conductivity jumps or anomalies can occur as the system
softens in the glass transition region, and sometimes lead to
so-called Arrhenius crossovers [79,80]. These simply signal
that with growing temperature, the ion motion becomes in-
creasingly influenced by the motion of the network atoms,
which also results in a reduction of viscosity at T > T,.

We, furthermore, note that o(7T) is found to be larger
than the values determined at similar temperatures from a
classical force-field [71]. All display a possible Arrhenius
behavior whose calculated activation energies are found to
be of about E4 = 0.19-0.20 eV for both compositions. These
are somewhat smaller than those determined from the ex-
perimental data as we found E4 = 0.41(1) eV, 0.41(3) eV,
and 0.37 eV for NS, N3S5, and N2S, respectively. This is
consistent with the fact that in the supercooled state, activation
barriers are reduced and this enhances the migration of the
Na™ cation through the network. Such cooperative conduction

mechanism is sometimes proposed [80-82] to be fitted by a
phenomenological Vogel-Fulcher-Tammann law of the form
Ino «x A/(T — Ty). Here, we can hardly comment more on
this given the reduced number of numerical data points. Fi-
nally, the calculated activation energies are also smaller than
the corresponding calculated values for the isochemical Ge
compounds N2G (0.31 eV [35]).

The detail of conductivity contributions can be obtained
by splitting Eq. (12) into Nernst-Einstein contributions arising
from the Na ions, and from the network species (N), i.e., one
focuses on different contributions o} (kK = Na, N) using

2

e
ONa = mzﬁlaDNa(T),
2
oy = ——(2Ds(T) + 22Dsi(T)), (16)
VkgT !

where Dy is the self-diffusion constant of the species k. In
NS melts, the calculated conductivity results mainly from
the network atoms (Si,S), which contribute to about 75% of
the total conductivity, this being independent of temperature.
Conversely, for the N2S system we find a ratio oy /o = 0.45—
0.50 at elevated temperature, followed by an increase up to
0.60 at 900 K. The reduction not only results from the reduced
statistical contribution of the network species at large modifier
content, but also arises at high temperature from a reduction
of the diffusivities Ds; and Ds (Fig. 9). When these features
are compared to corresponding lithium based systems, we
essentially remark that the diffusivity difference between ion
and network species (of about a factor larger than 10) in the
latter leads to a dominant contribution of the alkali ion to
conductivity in Li-based glasses [67,83]. This is at variance
with the present Na-based glasses in which the reduced dif-
fusivity difference (Fig. 9) leads to a dominant contribution
of the Si and S species to the global conductivity. It suggests
that for sodium thiosilicates and related compounds, the role
of the network properties and the way it is altered by, e.g.,
depolymerization are crucial for the search of conductivity
enhancement.

B. From experiments

In Fig. 10(b), we represent the measured room-temperature
conductivities o of the three investigated systems NS, N3S5,
and N2S. At room temperature, we do find the largest o
for the N2S glass, which is found to be equal to 2.9 x
107> Q7' cm~!. We are not aware of any other measurements
at these elevated Na compositions, and this might be because
of the fact that previously studied samples were essentially
obtained from a melt-quenching technique, which limits the
glass-forming range to about 60% Na,S [6,7]. For the NS
glass, the present results (0 =42 x 107% Q 'cm™!) are
somewhat larger than the experimental results of Dive et al.
[17] (4.52 x 1077 Q~'cm™") but very close to the one de-
termined by Ribes et al. [78] (1.20 x 107> @ 'em™!). The
differences might essentially arise from a different sample
preparation procedure (melt quench versus ball milling) and
from the molding pressure applied to the cells prior to conduc-
tivity measurement, which is known to modify the measured
conductivities [84,85].
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FIG. 11. Atomic snapshot of a slab (5-A thickness) of liquid
(900 K) NS (a) and N2S (b) representing the accumulated trajectories
(20 ps) of Na ions. alone. Empty regions correspond to the (Si,S)
network. Here, the positions of all sodium ions in the slab at various
times ¢t < 20 ps are given with a frame rate of 1 ps. Corresponding
normalized distribution A(r) of atomic displacements in NS (c) and
N2S (d).

Interestingly, once the same sample preparation and
measurement techniques are employed, we note that the
conductivity trend at elevated modifier content in Na,S-SiS;
is very close to the one measured [35] for the isochemical
GeS,-Na,S glass, i.e., we found for the latter system for
66% modifier (N2G) a conductivity at room temperature of
(6.93 x 107> @ 'em™1), which is of the same order as the
one measured for the present N2S glass. This indicates that
the effect of the underlying network structure is similar, and
the results from a identical DFT scheme [35] have revealed
that both Na-modified Ge- and Si-sulfides share the same
structural properties with similar densities: tetrahedral charac-
ter, presence of edge-sharing tetrahedra that have vanished in
the 66% glass, similar Q" speciation, presence of homopolar
defects, etc.

C. Insight into the atomic scale dynamics
1. Emergence of a spatially unconstrained Na motion

Using the atomic trajectories, we attempt to sketch the
typical dynamics of such fast-ion electrolytes by focusing
essentially on the Na motion, and at a temperature (900 K >~
1.6T;) at which a “reasonable” trajectory can be considered
without influence of the dynamical slowing down because of
the onset of glassy relaxation. The network depolymerization
obviously impacts the localization of the motion, and this can
be qualitatively inferred from a visual inspection of the atomic
snapshots [Figs. 11(a) and 11(b)]. Here, one acknowledges
for the NS liquid a clear heterogeneous distribution of Na
atoms representing a disconnected network of pockets and

channels, which is spatially constrained by the presence of a
partially remaining (Si,S) network. These features are rather
similar to documented archetypal silicates [62,86] but can
lead to a spatial extent for the motion that leads to a rather
broad distribution Ah(r) of atomic displacements (0—15 10\) at
a fixed simulation time [Fig. 11(c)]. Upon modifier increase
and further network depolymerization, the Na motion almost
extends to the entire simulation box [Fig. 11(b)], except in
reduced places occupied by the isolated Q° tetrahedra. As a
result, the corresponding atomic displacements are now un-
constrained and, in contrast to NS [Fig. 11(c)], lead to a nearly
Gaussian-like distribution centered at about 5 A [Fig. 11(d)].
It is the signature that in highly depolymerized networks, the
ion paths result from series of independent random segments
as for Brownian motion, which underscores the stochastic
nature of the Na motion in N2S, at variance with the one
encountered in NS liquids.

2. Categorizing ion motion

Recently, typical ion motions have been identified [87]
from MD trajectories on a similar compound (2Li,S-GeS,).
These can be cast into select categories on the picosecond
timescale: reduced cage-like motion in pockets constrained
by the surrounding network species, back-and-forth jump
motions with short transition states and long-range filamen-
tary motions. These generic classes can be sketched on the
timescale of the simulation (~20 ps) from the inspection of
the individual msds.

Pocket ions (PIONS) are revealed from spatially limited
motions typical of a cage-like dynamics or vibrations [black
curve, Fig. 12(b)] that is constrained by the surrounding
network-forming species or by Na ions, with a cage size
of about ~7 A. Other Na ions experience jumps over small
distances to a neighboring NBS anionic site before eventu-
ally moving back to the initial (or close) NBS site, which
leads to a msd value close to zero at long times [red curve,
Fig. 12(b)]. This back-and-forth motion defines a second cat-
egory of Na atoms termed back-and-forth ions (BAFIONS).
The spatial extent is typically of about 7.0-8.0 A [plateau
value of the red curve in Fig. 12(b)]. Finally, a third category
of Na motion is of filamentary nature (FIONS) with a possi-
ble limited time (=6 ps) spent in trapping sites [blue curve,
Fig. 12(b)] separated by substantial spatial jumps, which lead
to rather important mean-square displacements (220-250 A2
at the largest considered time). We, furthermore, detect that
the motion of FIONS might be qualitatively different in NS
and N2S liquids. In the former, we have detected that the
presence of a residual network leads to a so-called channel
dynamics [Fig. 11(a)], and this apparently induces for the Na
atoms a rather straight jump between trapping sites as the sig-
nature of spatially guided dynamics [Fig. 12(a)]. Conversely,
because of the increased number of ions and the complete
depolymerization of the network, the same kind of motion
in N2S seems to involve some transition state and lead to a
pseudo-filamentary motion [Fig. 12(c)].

These features and the fact that one has a distribution
of msds indicate that the Na dynamics is heterogeneous in
character.

214201-12



EXPERIMENTAL AND THEORETICAL CHARACTERIZATION ..

PHYSICAL REVIEW B 111, 214201 (2025)

250

200

(©

FIG. 12. (a) Typical filamentary single Na motion during 15—
20 ps in liquid NS. (b) Mean square displacement of three select
Na ions in 900 K NS liquids : pocket motion (black, PIONS), back
and forth motion (red and orange, BAFIONS), filamentary motion
(blue, FIONS). The snapshot represents a typical BAFION motion.
(c) Typical pseudo-filamentary motion in liquid N2S. The arrows
indicate the direction of the Na motion.

While such ion motion analysis is rather recent in mod-
ified sulfide glasses, a large number of simulation studies
[62,88-90] on corresponding oxides (e.g., sodium silicates)
have emphasized the variety of ion trajectories: immobile
ions trapped in cages, backward jumps, and long-range mo-
tion. These are in line with what we detect in the Na,S-SiS,
liquid. The fraction of immobile particles can be evaluated
from a simple criterion using, e.g., msd < 20 Az, the latter
value corresponding to the minimum of the pair-correlation
gNana () function, and roughly to the limit of a minimal hop-
ping distance. All particles not fulfilling the condition can be
considered as immobile, the statistics being weakly sensitive
to this criterion as exemplified from the pocket motion in
Fig. 12(b) (black curve), which is radically different from the
other types of motion. Using this criterion, we evaluate that
45% Na atoms are immobile in NS (39% in N2S) at 900 K
during the MD trajectory.

In sodium silicates, Cormack and coworkers [89,90], fur-
thermore, argue that BAFIONS (i.e., backwards moving ions)
are not numerous in glasses given that the lack of long-range
order induces a lack of constraints on the local environment
of the alkali ions, which makes the original site look different

to the ion in its new site and so the propensity to return is
reduced. In order to identify such ions [i.e., red and orange
curves in Fig. 12(b)], we use the obvious condition msd(f)~0
with 7y equal or less to the maximum simulation time, together
with the condition msd~~cst during a fixed time interval Az
(e.g., orange or red curves in Fig. 12), to identify such back-
wards moving or BAFIONS. We find that only 15% Na atoms
are involved in such kind of motion in NS (20% in N2S).

VI. SUMMARY AND CONCLUSIONS

Here, we have investigated theoretically and experimen-
tally the structural, dynamic, and electrical properties of
different compositions in the Na;S-SiS; system, which is an
attractive material for applications for all solid state batteries,
while also representing a challenging material in terms of
atomic scale description. In contrast to their oxide counter-
parts, sodium silicates, which have received huge attention
because of their presence in Earth sciences and their use in
a number of industrial and domestic applications, sodium
thiosilicates have received only limited attention owing, in
part, to their rather important crystallization tendency during
melt-quench preparation. As a result, the number of studies is
rather limited and traces back to the 1990s [7,78]. However,
the increasing demand for batteries using cheap and available
raw materials has brought renewed attention to such glasses,
since the design of new families of solid electrolytes will
need to reconsider the question of the global lithium resources
and their associated sustainability issues. In this respect, it is
tempting to imagine such sodium thiosilicates being associ-
ated with other network-forming compounds (e.g., P»Ss) or
additives (NaCl) in order to boost the conductivity level.

The addition of Na,S into the base SiS, glass induces
various structural changes that have been characterized by
a combination of x-ray scattering, first principles molecular
dynamics, and electric measurements. Results indicate a deep
network modification already present at 50% (NS) and even
more at 66% (N2S) added Na,S. Both are dominated by the
tetrahedral character of silicon, as in corresponding oxides,
but display a network topology that is dramatically different,
as edge-sharing connections are possible in chalcogenides,
and are obtained successfully from simulation. The addition
of Na,S reveals the disruption of the base network and the
progressive disappearance of ES structures. The tetrahedral
character of Si atoms remains unchanged, and a Q" specia-
tion similar to that of corresponding oxides or thiosilicates is
obtained. The generic evolution from a 0* network (SiS») to
a nearly Q° network (SiSje molecules) is obtained, and the
presence of homopolar Si—Si bonds is acknowledged.

Experimental conductivity results indicate that sodium
thiosilicate glasses display conductivity levels up to 2.9 x
1075 Q Yem™!, which are similar to other sulfide glasses,
somewhat smaller than their lithium counterparts [91], and
very close to conductivities of the isochemical Ge system,
which underscores a similar network depolymerization and
structure. With temperature, the conductivities display an
Arrhenius behavior and might eventually extrapolate to the
values calculated in the liquid state from the molecular dy-
namics simulations, although anomalies might be expected in
the glass transition region. As a final comment, we emphasize
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that these results might help in decoding other glasses of the
same family (e.g., alkaline-earth or potassium thiosilicates).
They might also help to understand more complex glassy
electrolytes using mixed-modifier or network-former systems,
both from the experimental and theoretical viewpoint, such as
the popular Li;¢GeP,S),.
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